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Gershome C, Lin E, Kashihara H, Hove-Madsen L, Tibbits GF. Colocalization of voltage-gated Na ϩ channels with the Na ϩ /Ca 2ϩ exchanger in rabbit cardiomyocytes during development. Am J Physiol Heart Circ Physiol 300: H300 -H311, 2011. First published October 22, 2010; doi:10.1152/ajpheart.00798.2010.-Reverse-mode activity of the Na ϩ /Ca 2ϩ exchanger (NCX) has been previously shown to play a prominent role in excitation-contraction coupling in the neonatal rabbit heart, where we have proposed that a restricted subsarcolemmal domain allows a Na ϩ current to cause an elevation in the Na ϩ concentration sufficiently large to bring Ca 2ϩ into the myocyte through reverse-mode NCX. In the present study, we tested the hypothesis that there is an overlapping expression and distribution of voltage-gated Na ϩ (Nav) channel isoforms and the NCX in the neonatal heart. For this purpose, Western blot analysis, immunocytochemistry, confocal microscopy, and image analyses were used. Here, we report the robust expression of skeletal Nav1.4 and cardiac Nav1.5 in neonatal myocytes. Both isoforms colocalized with the NCX, and Nav1.5-NCX colocalization was not statistically different from Nav1.4-NCX colocalization in the neonatal group. Western blot analysis also showed that Nav1.4 expression decreased by sixfold in the adult (P Ͻ 0.01) and Nav1.1 expression decreased by ninefold (P Ͻ 0.01), whereas Nav1.5 expression did not change. Although Nav1.4 underwent large changes in expression levels, the Nav1.4-NCX colocalization relationship did not change with age. In contrast, Nav1.5-NCX colocalization decreased ϳ50% with development. Distance analysis indicated that the decrease in Na v1.5-NCX colocalization occurs due to a statistically significant increase in separation distances between Na v1.5 and NCX objects. Taken together, the robust expression of both Na v1. 4 and Nav1.5 isoforms and their colocalization with the NCX in the neonatal heart provides structural support for Na ϩ current-induced Ca 2ϩ entry through reverse-mode NCX. In contrast, this mechanism is likely less efficient in the adult heart because the expression of Na v1. 4 and NCX is lower and the separation distance between Na v1.5 and NCX is larger. sodium channels; sodium/calcium exchanger; excitation-contraction coupling; sodium microdomain THE ESTABLISHED MECHANISM for excitation-contraction (E-C) coupling in the adult cardiomyocyte is via depolarizationtriggered Ca 2ϩ entry through the voltage-gated L-type Ca 2ϩ channel (Ca v 1.2). Activation of Ca v 1.2 mediates "Ca 2ϩ -induced Ca 2ϩ release" (CICR) (22) . In CICR, a small Ca 2ϩ current (I Ca ) triggers the release of intracellular Ca 2ϩ stored in the sarcoplasmic reticulum (SR) through the activation of the ryanodine receptor (RyR). The RyR is a Ca 2ϩ -release channel on the SR. Subsequently, the Ca 2ϩ released from the SR elevates cytosolic Ca 2ϩ , thereby activating cross-bridge cycling and myocyte shortening.
In adult E-C coupling, the majority of the systolic Ca 2ϩ elevation originates from SR Ca 2ϩ stores, and only a small proportion of systolic Ca 2ϩ is attributed to transsarcolemmal influx (17, 29) . Less is known regarding the mechanisms of neonatal E-C coupling, specifically the role of CICR processes and possible CICR triggers. Early ultrastructural studies (8, 35, 37, 47, 49, 50) found that the SR network is incompletely developed at early developmental stages, suggesting that neonatal myocytes are more dependent on transsarcolemmal Ca 2ϩ entry and less dependent on SR Ca 2ϩ release than fully mature myocytes. Subsequent investigations (33, 36, 63, 64) found that neonatal myocytes, compared with adult myocytes, are relatively deficient in transsarcolemmal I Ca , which suggested that the Na ϩ /Ca 2ϩ exchanger (NCX) may play an important role in early developmental E-C coupling. Since then, NCX activity and protein expression (2) , NCX mRNA levels (14, 38, 53) , and NCX currents (I NCX ) (3, 26, 30) have each been shown to be enhanced at early developmental stages. The prominent role of Ca 2ϩ entry through reverse-mode NCX activity is further supported by the ability of NCX to directly elicit contraction at early, but not later, developmental stages (25, 26, 31, 65) .
Theoretically, reverse-mode Na ϩ /Ca 2ϩ exchange could also trigger Ca 2ϩ release from the SR. Thus, the NCX is a reversible antiporter, exchanging 3 Na ϩ for 1 Ca 2ϩ (54) . In most conditions, the transsarcolemmal Na ϩ and Ca 2ϩ gradients favor Ca 2ϩ extrusion by the NCX, and this is referred to as forward-mode NCX. However, reverse-mode NCX activity can generate sarcolemmal Ca 2ϩ entry if the membrane potential is strongly depolarized and/or the cytosolic Na ϩ concentration is elevated (5) .
One of the first reports of reverse-mode NCX-mediated CICR came from LeBlanc and Hume (39a), in which a tetrodotoxin-sensitive Ca 2ϩ influx was identified in guinea pig cardiomyocytes, suggesting a link between Na ϩ current (I Na ) and NCX. It has been hypothesized that, despite the large peak I Na , the rapid inactivation of I Na prevents sufficient elevation in cytosolic Na ϩ to induce reverse-mode NCX activity (18, 40) . However, if Na ϩ channels and NCX were functionally coupled in a restricted microdomain, then I Na could potentially elevate the Na ϩ concentration sufficiently to activate reverse-mode NCX. This is often referred to as the "fuzzy space" or restricted microdomain hypothesis. However, the significance and contribution of such I Na -NCX coupling are not clear, as other reports (7, 24, 58, 59) using cardiomyocytes from a variety of species have shown a more predominant effect of I Ca in E-C coupling. Nevertheless, new evidence continues to emerge supporting a significant role for NCX-mediated Ca 2ϩ entry. Recently, E-C coupling studies (39, 51) using wild-type, NCX knockout, and NCX-overexpressing mouse myocytes provided direct support for a synergistic role of NCX-mediated Ca 2ϩ entry, in which Ca 2ϩ entering through NCX primes and supplements the I Ca trigger, resulting in a larger SR Ca 2ϩ release than would be expected with either trigger source alone.
For reasons outlined below, NCX appears to be a crucial element in early E-C coupling. However, the potential for SR Ca 2ϩ release and the physiological contribution of Ca 2ϩ release to normal E-C coupling in early E-C coupling is still under investigation. Several functional studies (4, 25, 27) have reported minimal SR involvement; however, there is also some evidence of significant SR involvement in the immature myocardium (31, 35, 37, 47, 49, 50) . It has been suggested that Ca 2ϩ entry through reverse-mode NCX in the neonate heart participates in the direct elevation of cytosolic Ca 2ϩ as well as a trigger for SR Ca 2ϩ release (31) . The presence or absence of "significant" SR Ca 2ϩ release may be related to SR loading conditions; it has been observed that under Ca 2ϩ -loading conditions (voltage-clamp prepulse), neonatal rabbit myocytes will display phasic contractions, indicative of SR Ca 2ϩ release (35, 37) . The presence of a functional microdomain with I Na -NCX coupling may be more important in neonatal E-C coupling because NCX densities are severalfold higher (2, 6) and NCX plays a more prominent role than I Ca (26, 27, 30, 31, 65) . A small subset of NCX molecules appears to be in close proximity to RyR release channels at early developmental stages, and NCX is distributed in punctate clusters along the peripheral membrane (16, 41) . This nonhomogeneous distribution suggests that multiple NCX molecules may form functional units that act in concert to mediate E-C coupling. The proximity between NCX and RyR release channels has also been investigated during development by comparing the delay between peak I NCX and peak cytosolic Ca 2ϩ concentration (30) . Delays in neonatal myocytes were substantially longer than adult delays, indicating a closer coupling relationship between RyR Ca 2ϩ release and NCX activity at early developmental stages. Coupling between NCX and RyR at early stages in development may benefit from the presence of ϳ300-nm-wide sheets of the subsarcolemmal SR membrane recently identified in 3-day-old, but not 56-day-old, ventricular myocytes (32) The stoichiometry of NCX transport renders the reversal potential of NCX intensely sensitive to cytosolic Na ϩ concentration, and small changes in global Na ϩ concentration are expected to mediate large changes in I NCX (20) . In fact, modeling experiments have reported that a solitary Na ϩ channel could be sufficient to induce reverse-mode NCX in a dyadic cleft if the influx is concomitant with greatly reduced Na ϩ mobility (42) . Thus, Na ϩ channels localized within localized clusters of NCX are expected to have important functional consequences.
The predominant cardiac Na ϩ channel isoform is the voltage-gated Na v 1.5, but isoforms more commonly associated with neuronal (Na v 1.1, Na v 1.3, and Na v 1.6) and skeletal (Na v 1.4) tissues have also been reported in cardiomyocytes. The first report (15) of Na v 1.5 localization in rat cardiac myocytes suggested that Na v 1.5 was positioned along t-tubule membranes as well as along the intercalated disk regions of adjoining cells. However, in this earlier report, the specificity of the antibody was questioned. Subsequently, in the mouse heart, Na v 1.5 was found to be localized predominately to the intercalated disks, and Na v 1.1, Na v 1.3, and Na v 1.6 demonstrated expression along the t-tubular membranes (43, 44) . A recent study (34) reported Na v 1.1-Na v 1.6 expression in cultured neonatal rat myocytes. The localization of Na ϩ channel isoforms relative to NCX as a function of development has had very limited investigation.
Due to the central importance of NCX in early E-C coupling and the role of Na ϩ in the regulation of NCX direction and velocity, we hypothesized Na v channels as a possible regulator of NCX activity in neonatal cardiomyocytes. Therefore, the aim of this study was to investigate the expression of various Na v channel isoforms and their relationship with respect to NCX. Western blot analysis showed that, of the Na ϩ channel isoforms Na v 1.1-Na v 1.6, only Na v 1.1, Na v 1.4, and Na v 1.5 were expressed in detectable amounts in the developing rabbit heart. Moreover, Na v 1.1 and Na v 1.4 had more profound expression profiles in the neonate than in the adult, whereas Na v 1.5 expression did not change significantly with development. The expression of Na v 1.4 and Na v 1.5 was sufficient in both age groups to determine the age-dependent changes in the colocalization of each isoforms with NCX.
MATERIALS AND METHODS

Isolation of Cardiac Myocytes
Animals were cared for in accordance with the principles established by the Canadian Council on Animal Care. The Simon Fraser University Animal Care Committee approved the use of animals, and the experimental protocol used in this study was in accordance with Canadian Council on Animal Care regulations. Single ventricular myocytes were isolated from the hearts of New Zealand White rabbits of either sex from 3 and 56 days old (postpartum) by an enzymatic method as previously described (30, 57) .
Antibodies
In our experiments, the distribution and localization of Na ϩ channels by immunocytochemistry in some cases required different antibodies than the antibodies used to detect Na ϩ channels in the Western blots. The antibodies used in the Western blots react well with fully denatured proteins (unfolded), whereas they might not recognize the native conformation of the protein (folded) in immunocytochemistry techniques. Commercial antibodies used for Western blots were from the following sources: anti-Na v1.4 (sc-28751) was from Santa Cruz Biotechnology (Santa Cruz, CA) and anti-human Nav1.5 and antiNav1.1 (ASC-001) were from Alomone Labs (Jerusalem, Israel). Monoclonal anti-actin (A3853) was from Sigma (St. Louis, MO). For immunocytochemistry, we used anti-Na v1.4 (pab0280, Covalab), which was also tested on Western blots to confirm specificity. For Na v1.5 immunolabeling, we used anti-Nav1.5 (sc-22758, Santa Cruz Biotechnology), which recognizes amino acids 971-1140 in the internal region of human Na v1.5. Anti-NCX.1 (MA3-926) was from Affinity Bioreagent (Golden, CO).
Immunoblot Analysis
Cardiomyocytes were lysed with ice-cold lysis buffer, which contained (in mM) 25 Tris, 150 NaCl, 1 EGTA, 1 EDTA, 1 DTT, and 1% Triton X-100 (pH 7.5) supplemented with protease inhibitor cocktail (Roche), phosphatase inhibitor cocktail (Sigma), and 1 mM PMSF. Total protein (80 g) from the clarified detergent-soluble lysate was resolved on a 7.5% SDS-PAGE gel and transferred onto a polyvinylidene difluoride membrane (Immobilon-FL, Millipore, Toronto, ON, Canada). Membranes were incubated overnight with primary antibodies, anti-Na v1. 4 (1:200), anti-Nav1.5 (1:200), and anti-Nav1.1 (1:200) diluted in Tris-buffered saline. Immunoreactive bands were detected by Immobilon horseradish peroxidase substrate (Millipore). Where the signals were weak, we also used the SuperSignal West Femto Maximum sensitivity substrate (Pierce). Detection of the chemiluminescent signals was captured by G: BOX chemi HR16 (Syngene, Frederick, MD), which uses a charge-coupled device camera for imaging, thereby increasing the sensitivity and dynamic range of capturing chemiluminescent signals. Densitometry values were obtained using Genetools software (version 4, Syngene). Immunoblots were normalized with actin to ensure equal loading. To test the specificity of the signals, blots were also incubated with preabsorbed antibodies with peptide as well as buffer without primary antibody.
Immunolabeling
Isolated cardiomyocytes were processed as previously described (16) . Fixed cells were blocked with 10% goat serum in PBS for 1 h at room temperature to block nonspecific sites. Cells were then incubated overnight with primary antibodies directed against canine NCX1.1 (anti-NCX1.1, Affinity Bioreagent), Na v1. 4 (polyclonal antibody, Covalab), and Nav1.5 (polyclonal antibody, Santa Cruz Biotechnology). After an extensive wash, cells were mounted with Prolong slow fade reagent (Molecular Probes, Invitrogen).
Control experiments. Control cells were stained the same way as above but primary antibodies specific for Na v1.4, Nav1.5, and NCX were replaced with normal rabbit IgG serum and normal mouse serum. Control images were very dim, and a general diffuse pattern was observed (see Supplemental Material, Supplemental Figs. S1 and S2). 1 To control for secondary antibody cross-reactivity, Nav1.4-labeled cells were stained with the secondary antibody of NCX (i.e., Na v1.4 ϩ IgM) and vice versa (NCX ϩ IgG). Control cells were also incubated with secondary antibodies only without the primary antibodies. All control images were acquired with the same settings as those of the experimental images.
Image Acquisition
Images were acquired with a Zeiss LSM 5 Pascal laser scanning microscope through a ϫ63/1.4 numerical aperture Plan Apochromat oil-immersion objective. ZEN (Carl Zeiss) imaging software was used to acquire the images. The confocal pinhole was set for 1 Airy disk, and voxel samples occurred at 93 ϫ 93 ϫ 200 nm. Images were subsequently deconvolved to improve image quality (56) . The maximum likelihood estimation algorithm provided by Huygens Professional version 2.4.1 was used (Scientific Volume Imaging, Hilversum, The Netherlands). Empirical point spread functions were generated using 200-nm "Tetraspeck" latex beads (Invitrogen). After deconvolution, images were transferred to custom image-analysis procedures written in Interactive Data Language (IDL) version 7.0.6. t-Tests were used for statistical comparisons and were conducted from via IDL.
Image Processing and Analysis
Image thresholding. Variability in image thresholding can adversely affect image-analysis results. Thresholding defines areas of the image that have sufficient image intensity to be considered for analysis. However, in images that contain objects with a variety of intensities, simple binary thresholding will overestimate the size of bright objects while underestimating the size of dim objects. We (41) previously developed an iterative thresholding procedure that used object counting to determine a thresholding value that generates the maximum number of independent objects. This procedure is described in detail in the Supplemental Material. Iterative thresholding effectively limits the number of dimly lit objects that are removed by thresholding. However, in protein distributions that are less densely spaced, such as in Na v1. 4 and Nav1.5, less thresholding "intensity" is required to partition the objects. As a result, iterative thresholding will result in overestimated object sizes due to the retention in object "shoulder regions" due to the inclusion of lower-intensity voxels. Since colocalization analysis is strongly affected by differential object sizes, we applied a secondary thresholding step to further refine object size. For each object, a secondary thresholding value equal to half of the maximum image intensity contained in the object was applied. Effectively, this secondary thresholding value applies the resolution definition of full-width half-maximum (FWHM) to each individual object. A diagram to explain these effects is included in the Supplemental Material (Supplemental Fig. S9) .
Colocalization analysis. In this report, we used both voxel-byvoxel colocalization analysis (traditional colocalization) as well as object-based colocalization approaches (41) . Traditional colocalization analysis is best suited to protein-protein distributions in which both proteins have the exact same relationship throughout the sample. It is best suited for distinguishing between complete colocalization and complete noncolocalization in the distributions. Object-specific colocalization analysis calculates the colocalization index between individual pairs of objects and allows the object pairs to be sorted based on their internal colocalization. In protein distributions where objects are all the same size, object-specific colocalization can be used to investigate the reliability of the traditional colocalization index. In such a scenario, the object-specific approach can be used to identify object pairs that generate colocalization events simply due to object blurring. Such events will generate low object-specific colocalization indexes since only a proportion of the object are, in fact, overlapped. However, objects that are perfectly colocalized will generate much higher object-specific colocalization indexes, and, thus, the contribution of these higher probability colocalization events to the traditional colocalization index can be quantified. This is shown diagrammatically in Supplemental Fig. S10 of the Supplemental Material.
Nearest-neighbor separation distances. Colocalization analysis, both voxel-based and object-based approaches, is sensitive to object sizing. Two objects can be perfectly colocalized yet not return a 100% colocalization index if the one object is smaller than the other object. One way to circumvent this limitation is to directly calculate the separation distance between the two objects. For small subresolution objects, the actual location of objects can be estimated from the "center of mass" of the objects. Protein-protein distributions containing a larger proportion of subresolution separation distances are more likely to contain true colocalization events. Thus, separation distance profiles allow an estimate of protein-protein colocalization independent of the effects of nonmatching object sizes (see Supplemental Fig.  S10 ).
RESULTS
Expression of Na v 1.4, Na v 1.5, and Na v 1.1 Proteins During Development
From the Western blot analyses, a specific band at 260 kDa (Fig. 1A) was observed, consistent with robust Na v 1.4 expression in the neonatal myocyte and with significantly decreased intensity in the adult. Neuronal Na v 1.1 was lowly expressed and followed a similar pattern as Na v 1.4, as we observed a significant decrease in Na v 1.1 protein levels in the adult cardiomyocyte lysate (Fig. 1B) . Western blot analysis was also performed for Na v 1.5 expression. Figure 1C shows a specific band at 227 kDa. No statistically significant changes in Na v 1.5 protein levels were found as a function of development. Two antibody control experiments were conducted for Na v 1.5. All immunoblots were normalized to actin expression, which, in our hands, did not vary with development. Alternative loading controls such as ␤-actin, ␣-tubulin, connexin43, and GAPDH were also tested; however, these proteins showed developmental variability. Blots were also labeled with preadsorbed antibodies with peptides or with secondary antibodies omitting the primary antibody did not show any bands, confirming the specificity of the signals in each case.
Distribution and Colocalization Analysis of NCX and Na v 1.4/Na v 1.5 During Development
Images of Na v 1.4 and Na v 1.5 colabeling with NCX, after imaging processing, for 3-and 56-day-old myocytes are shown in Fig. 2 . Images of Na v 1.4/Na v 1.5 with NCX before image processing (i.e., before deconvolution and thresholding procedures) are shown in the Supplemental Material (Supplemental Figs. S3-S6) . Na v 1.4 labeling in 3-day-old myocytes was distributed along the cell periphery in punctuate clusters. In 56-day-old myocytes, Na v 1.4 was also found on the cell periphery, and some t-tubular labeling was evident. Clear t-tubular labeling was not found (Fig. 2) due to the aggressive two-staged thresholding approach we developed to specifically separate closely positioned point sources on the cell periphery. Although the radii of the t-tubules are small, their lengths are within the resolvable limits of confocal microscopy; thus, aggressive thresholding underestimates the connectivity within the t-tubular network. Connectivity within the t-tubular network is more easily examined in the unprocessed images, which are provided in the Supplemental Material. Na v 1.5 distribution was visually similar to Na v 1.4 distribution in both the 3-and 56-day-old groups.
In 3-day-old myocytes, all Na ϩ channel antibodies that indicated labeling on the cell periphery also demonstrated perinuclear staining. We also immunolabeled 3-and 56-dayold myocytes with Pan-19 antibody as a positive control (Supplemental Material, Supplemental Fig. S7 ). Pan-19 recognizes the epitope corresponding to residues 1501-1518 of rat Na v 1.1, which are conserved in all known isoforms of Na v 1.X. Pan-19 labeling results gave a similar nuclear staining pattern as Na v 1.4 and Na v 1.5 labeling. Although nonspecific staining of the nucleus may nevertheless be present, the image segmentation procedures used in this study preclude the nuclear staining from interfering with the colocalization analysis of the peripheral compartment. Na v 1.1 immunolabeling on 3-and 56-day-old myocytes is not included in this study due to insufficient labeling intensity. Even at low laser power settings, photobleaching prevented the acquisition of three-dimensional image stacks of sufficient quality.
To analyze the spatial distribution of the two isoforms quantitatively, colocalization analysis for each isoform with NCX was performed at three levels. First, conventional colocalization analysis was performed. As shown in Fig. 3A , analysis of Na v 1.4-to-NCX colocalization revealed no significant (P Ͼ 0.15) changes with development. In contrast, Na v 1.5-to-NCX colocalization significantly dropped by 50% (from 34% to 18%) over this period of development (P Ͻ 0.001). A comparison between the two neonatal groups indi- cated that Na v 1.5-to-NCX and Na v 1.4-to-NCX colocalization were not statistically different (P Ͼ 0.28). The same comparison in the 56-day-old group, however, found a statistically significant difference (P Ͻ 0.001), as shown in Fig. 3A .
When the percentage of NCX voxels also containing Na v 1.X was analyzed, the NCX-to-Na v 1.4 colocalization dropped by 42% from 17% to 12% colocalization and was statistically different (P Ͻ 0.01; Fig. 3B ). NCX-to-Na v 1.5 dropped by 50% from 20% to 10% during development, and the difference was statistically significant (P Ͻ 0.001). A comparison of the NCX-to-Na v 1.4 and NCX-to-Na v 1.5 colocalization among the two neonatal groups showed no statistical differences (P ϭ 0.14), whereas the same comparison was statistically different for the 56-day-old group (P Ͻ 0.05).
Object-Specific Colocalization Analysis of NCX and Na v 1.4/ Na v 1.5 During Development
Due to the limited resolution of confocal microscopy, colocalization events using conventional analysis can be generated between two objects that are, in fact, well separated (56) . Indeed, traditional colocalization indexes relate the total number of voxels for one label with the total number of voxels containing both labels (colocalized voxels), which renders the colocalization analysis sensitive to differences in the number of "filled voxels" for each imaging channel. Thus, differences in object sizes will artificially decrease the colocalization index, even in a situation where all NCX and Na v 1.X objects are perfectly colocalized.
Estimated object sizes are dependent on image thresholding procedures, and in this study, two stages of automated image thresholding procedures were used. Theoretically, the estimated object sizes of subresolution point sources should only vary with the optical resolution; however, we found that the iterative thresholding method (see MATERIALS AND METHODS) estimates larger object sizes in lower-density protein distributions. Therefore, this tendency of the iterative thresholding method is counteracted by a secondary thresholding method, which uses the resolution definition of FWHM to normalize object sizes by the maximum intensity contained in each object. Figure 4A shows an example of the estimated object sizes resulting from only the iterative thresholding procedure, whereas Fig. 4B shows the estimated object sizes after both iterative and FWHM thresholding were applied. Figure 4C shows final median object sizes of NCX and Na v 1.X objects at the 3-and 56-day stages. Notice that at both age stages, a NCX object is expected to only cover ϳ60% of a Na v 1.X object due to the differences in object size, indicating that even if all NCX and Na v 1.X objects were perfectly colocalized, the maximum Na v 1.X-to-NCX colocalization could not exceed ϳ60%. In contrast, NCX-to-Na v 1.X colocalization is maximal at 100% because in a perfectly colocalized object pair, a Na v 1.X object is expected to envelope an entire NCX object. However, the relative object densities indicated that total NCX-to-Na v 1.X colocalization was not possible due to the greater abundance of NCX objects, and the low NCX-to-Na v 1.X colocalization (Fig.  4D ) did not result from the imbalance in object sizes but rather resulted, at least partially, from an imbalance in object densities.
The analysis shown in Fig. 4 demonstrates that the imbalance in object densities and object sizes makes traditional colocalization measurements difficult to interpret since the colocalization index will reflect these differences as well as any changes in the actual colocalization relationship. Traditional colocalization analysis returns the proportion of voxels containing colocalization events. Therefore, to avoid the interference of mismatches in object size and mismatches in object densities, we used an object-specific colocalization analysis (Fig. 5) to identify the number of Na v 1.X and NCX objects that contain and do not contain colocalization events. At the object level, two objects can have any colocalization index between 0% and 100%. To simplify the description, we categorized objects into noncolocalized (0% colocalization), lowly colocalized (1-50% colocalization), and highly colocalized (51-100% colocalization) events. Figure 5A shows the object-specific colocalization in Na v 1.X objects, whereas Fig. 5B shows the object-specific colocalization in NCX objects. This object-based colocalization analysis confirmed that there was an age-dependent decrease in the colocalization of Na v 1.5 and NCX, as the percentage of noncolocalized objects increased with age while the opposite was true for highly Fig. 3 . Traditional colocalization analysis. Traditional colocalization analysis makes a voxel-by-voxel analysis of coincident voxels. A: Nav1.X-to-NCX colocalization showing the percentage of Nav1.X voxels that also contain NCX in the peripheral compartment. *P Ͻ 0.05. B: NCX-to-Nav1.X colocalization showing the percentage of NCX voxels that also contain Nav1.X in the peripheral compartment. *P Ͻ 0.05. Results were calculated from the image analysis of n ϭ 37 cells (Nav1.4, 3 days old), n ϭ 38 cells (Nav1.4, 56 days old), n ϭ 40 (Nav1.5, 3 days old), an n ϭ 37 (Nav1.5, 56 days old) from 4 independent experiments. colocalized objects (Fig. 5A) . In contrast, there were no agedependent changes in the percentage of colocalized Na v 1.4 and NCX objects; however, protein expression levels of both NCX and Na v 1.4 significantly decreased in an age-dependent manner.
Near Neighbor Separation of Objects
As both traditional and object-specific colocalization indexes are sensitive to object sizing, the third approach in our colocalization analysis estimated colocalization in a size-independent fashion, by reducing each object to a single coordinate by calculating their center of mass. The distance separating each Na v 1.4 and Na v 1.5 object from their respective nearest NCX neighbor was then calculated, and the profile of the separation distances is shown in Fig. 6, A and B, for Na v 1.4 and Na v 1.5, respectively. From this analysis, no age dependence was found for the separation profiles between Na v 1.4 and NCX objects, whereas Na v 1.5 objects grew farther from NCX objects with development. To simplify comparisons and analyze separation differences statistically, the proportion of events shorter than 300 nm was normalized to the total number of events closer than 3 m, as shown in Fig. 6C . Using this analysis, the Na v 1.4-to-NCX separation distance was not statistically different (P Ͼ 0.07) between the 3-and 56-day-old groups, whereas the separation distance for Na v 1.5-to-NCX was statistically larger in 56-day-old myocytes compared with 3-day-old myocytes (P Ͻ 0.001).
DISCUSSION
I Na may increase reverse-mode NCX activity by inducing strong membrane depolarization and/or local Na ϩ accumulation (5) . A previous report (31) from our laboratory indicated that neonatal rabbit myocytes are capable of mediating E-C coupling through NCX-mediated Ca 2ϩ influx under moder- Fig. 4 . Object density can affect object size estimates. A: line histogram of the size distribution of NCX and Nav1.4 objects after iterative thresholding. The Nav1.4 object density was lower than the NCX density and requires less "thresholding intensity" to separate neighboring objects. This "underthresholding" results in the overestimation of Nav1.4 object sizes. B: object size distribution of NCX and Nav1.4 objects after both iterative thresholding and full-width half-maximum (FWHM) thresholding procedures have been applied. The FWHM thresholding step, which applies a secondary thresholding value based on the maximum object intensity, reduces the size discrepancy between NCX and Nav1.4 objects. C: median object size found after both iterative and FWHM thresholding procedures have been applied to each experimental group. Statistical tests indicated that all four groups contained a statistically significant difference between NCX and Nav1.X object sizes (***P Ͻ 0.001). Previous investigations found that the periodicity of NCX labeling does not change with development. D: results using constant labeling density of NCX to express the labeling density of Nav1.x objects.
ately depolarizing conditions (ϩ10 mV). Under identical experimental conditions, adult rabbit myocytes showed no significant NCX-mediated E-C coupling, consistent with the reliance of adult E-C coupling on the L-type Ca 2ϩ channel for CICR. In these experiments, a voltage prepulse (Ϫ40 mV) was used to avoid contaminating the measured I Ca and I NCX with a large I Na , and the membrane was not strongly depolarized. Therefore, these experimental conditions likely underestimated the role of NCX in both age groups, and to better understand the changes in E-C coupling occurring during development, it is essential to elucidate the role of reverse-mode NCX. Toward this goal, this study investigated the expression and distribution of Na v channels in developing myocytes and their colocalization with NCX during development to determine if there is a structural basis that makes I Na -driven NCX more efficient in the neonatal heart.
Developmental Changes in Na ϩ Channel Expression
Using Western blot analysis to investigate which Na v channels were expressed in the developing myocardium, we demonstrated, for the first time, the presence and quantitative Fig. 6 . The distance separating two objects from different imaging channels can be used to estimate protein colocalization independent of heterogeneous object sizing. Objects were reduced to their cenetr of mass coordinate, and their distance to the nearest neighbor was calculated. A: graph showing the separation distances between Nav1.4 and NCX objects. B: graph showing Nav1.5-to-NCX separation distances in both age groups. C: bar graph showing the proportion of distance shorter than 300 nm between each experimental group and NCX. ***P Ͻ 0.001. Fig. 5 . Object-specific analysis calculates the colocalization index in each object pair. The proportion of these object pairs that are noncolocalized (0%), lowly colocalized (1-50%), and highly colocalized (51-100%) are shown for Nav1.X object-specific colocalization with NCX (A) and NCX object-specific colocalization with Nav1.X (B). ***P Ͻ 0.001. expression pattern of the skeletal Na ϩ channel isoform Na v 1.4 in neonatal versus adult cardiomyocytes. Moreover, we observed that there was a decrease in both Na v 1.4 and Na v 1.1 protein levels during development, whereas no statistically significant differences were seen in Na v 1.5 protein levels between neonatal and adult cardiomyocytes.
Although we found that both Na v 1.4 and Na v 1.5 isoforms were highly expressed in the neonate heart, it is the density and proximity of these isoforms in relation to NCX determine their functional contribution to the regulation of NCX activity. We used confocal imaging to identify developmental changes in the distribution of Na v 1.4 and Na v 1.5 isoforms and colocalization analysis to address their proximity to NCX.
Numeric Analysis of Na v 1.4 and Na v 1.5 Distribution and Colocalization with NCX
Colocalization analysis can vary in levels of sophistication depending on the specific purposes of the study. Although the specific dimensions of subsarcolemmal Na ϩ microdomains are unknown, the functional association between Na ϩ channels and NCX likely occurs at distances that are below the resolution of confocal imaging. To ensure of an accurate colocalization analysis at this scale, a sequence of image-analysis techniques was used in this study, starting with conventional colocalization analysis based on the relationship between the total number of voxels for one label and the total number of voxels containing both labels (colocalized voxels). This approach is the most commonly used, even though the conclusions that can be drawn from this analysis are relatively insensitive to subtle changes in protein distribution (41) , which may be functionally critical. For example, multiple protein distribution represented by a single colocalization index of 50% could reflect marginal colocalization between each and every object, but it could also reflect alternating objects being colocalized, with one object pair being perfectly colocalized while the next object pair is perfectly noncolocalized. Therefore, to avoid potential misinterpretation of conventional colocalization analysis, in this study we used two additional numerical approaches, consisting of an objectspecific colocalization analysis and a nearest-neighbor separation of objects analysis. In this analysis, image thresholding is a critical step in which object intensity spacing can affect the estimated size of the objects in a protein distribution. To counteract a potential bias of object size, a two-stage thresholding procedure was used to increase the accuracy of the colocalization analysis (see Supplemental  Fig. S8 in the Supplemental Material). Still, the interpretation of lowly colocalized objects is not straightforward for the object-specific colocalization analysis because NCX objects tended to be smaller than Na v 1.X objects. Therefore, low object-specific colocalization indexes may either reflect an increased separation distance or a decreased NCX object size. To resolve this problem, the final step in the colocalization analysis used here determined the distance between nearest neighbors of a Na v 1.X and a NCX object based on the center of mass for each object (see Supplemental Fig.  S10 in the Supplemental Material).
Developmental Changes in Na ϩ Channel Distribution and Colocalization with NCX
Initial reports (43, 44) of Na v 1.5 localization in adult myocytes suggested that there would be easily identifiable intercalated disks indicated by intense Na v 1.5 labeling. Although some intercalated disks were identified in this study, it is clear (as shown in Fig. 2 ) that both Na v 1.4 and Na v 1.5 are distributed along the peripheral membrane of neonatal rabbit myocytes and that they are distributed along the peripheral and t-tubule membrane of adult rabbit myocytes. Images at lower magnification (in the Supplemental Material) also show a lack of obvious intercalated disk staining in preprocessed images. The fact that both Na v 1.4 and Na v 1.5 channels were found to be distributed in punctate clusters also suggests that these proteins may function in multichannel units. Recently, Na v 1.1-Na v 1.6 expression and distribution have also been investigated in cultured neonatal rat myocytes in which a punctate distribution was also found for each isoform without any obvious subcellular localization (34) . Here, we report a similar punctate distribution of Na v 1.1, Na v 1.4, and Na v 1.5 in freshly isolated neonatal rabbit myocytes, but it should be kept in mind that some features may have been altered in the cultured cardiomyocytes due to the dedifferentiation known to occur when cardiomyocytes are maintained in tissue culture (9) .
The results of the present study also show that high expression levels of Na v 1.4 and Na v 1.5 occur together with a colocalization of the two isoforms with NCX in the neonate heart, which may provide a structural basis for early reports (26, 27, 30, 31, 65) of prominent reverse-mode NCX activity in neonatal E-C coupling. Moreover, we show that along with reduced NCX expression (2, 6), the adult myocyte also has decreased Na v 1.4 expression and an increased separation distance between Na v 1.5 and NCX, providing little structural support for Na ϩ channel-mediated regulation of NCX activity in the adult rabbit myocyte. The expression of Na v 1.4 and the spatial proximity between Na v 1.4 and NCX, as a function of development, highlights the complementary relationship between Western blots and imaging techniques. Combined, the two techniques show that the expression of both Na v 1.4 and NCX decrease with development, but the spatial relationship between the two proteins is unchanged. Although neither technique can determine the specific number of proteins per functional unit, these findings are consistent with the notion of decreased prominence of reverse-mode NCX in the E-C coupling of mature myocytes (26, 27, 30, 31, 65) .
Contribution of Na ϩ Channels to Reverse-Mode NCX
The object-specific analysis found that most NCX objects, in either age group, did not coincide with a Na ϩ channel object, and it is not clear whether this subset of NCX objects participates in both forward-mode and reverse-mode NCX activity. Although Na v channel-free NCX clusters are not likely to experience the same elevation in subsarcolemmal Na ϩ concentrations as NCX clusters containing Na ϩ channels, limited Na ϩ mobility in the subsarcolemmal space may be sufficiently restricted to allow for functional coupling. Subsarcolemmal Na ϩ mobility has yet to be measured directly, but pump currents from the Na ϩ -K ϩ pump (NKA) and exchange currents from NCX have been used as bioassays of subsarcolemmal Na ϩ levels (10, 45). Thus, increases in subsarcolemmal Na by NKA inhibition alters the reversal potential of NCX (23), which slows NCX-mediated relaxation (61, 62) and increases the size of voltage-induced Ca 2ϩ transients (61) . Moreover, inhibition of I Na in the presence and absence of NKA activity indicated that NKA can modulate the effects of I Na (60) . These studies are consistent with a reduced subsarcolemmal Na ϩ mobility and the colocalization of proteins involved in Na ϩ translocation, including Na v channels, NCX, and NKA.
It is not clear how Na ϩ mobility is impeded in the subsarcolemmal space, but radial diffusion coefficients have been estimated to be 10 3 -10 4 times lower than aqueous diffusion (19) and longitudinal diffusional coefficients have been estimated to be 100 -200 times lower than in aqueous solutions (21) . One possible source of the reduced Na ϩ mobility is the dyadic cleft itself (42) , in which a restricted space reduces the effective diffusional coefficient. In neonatal rabbit myocytes, electron micrographs have identified 300-nm sheets of the SR membrane located ϳ20 nm beneath the sarcolemma (32) , which may contribute to reduce Na ϩ mobility. Moreover, large fluctuations in ion concentration can be mediated by relatively few ions within small spaces, and if Na v channels and NCX colocalization events coincide with the 300-nm SR membrane sheets detected by electron microscopy, then local Na ϩ elevation could occur in a subsarcolemmal space of 300 ϫ 300 ϫ 20 nm. In this small space, opening of a single Na ϩ channel passing 1.4 pA of current (11) for 1 ms (or ϳ8,700 Na ϩ ) would increase the Na ϩ concentration in this cleft by ϳ8 mM. Therefore, if Na ϩ diffusion is sufficiently slow, ϳ10 Na ϩ channels would be required to reach a saturating Na ϩ concentration of 75 mM for the NCX (48) within each cleft. Our findings of a punctate distribution pattern of Na v 1.4 and Na v 1.5, high expression levels of the two proteins, and colocalization of both proteins with NCX in neonatal rabbit ventricular myocytes may support the possibility of localized Na ϩ concentration transients. However, further functional experiments will be required to deduce the physiological contribution of these distributions. In the adult rabbit heart, we found a decrease in Na v 1.4 expression. This, in association with reports of decreased NCX expression as a function of development, may be consistent with a diminished role for Na v 1.4 in regulating NCX activity in adult hearts. Future functional experiments may be able to use the differential sensitivities of Na v 1.4 and Na v 1.5 to the neurotoxin tetrodotoxin to determine the physiological contribution of these isoforms.
The role of I Na in E-C coupling and the possibility of I Na -induced Ca 2ϩ entry may also be dependent on basal levels of sympathetic stimulation, and the contribution of I Na , if any, may be altered in highly excited states. I Na can be modulated through direct phosphorylation (1) as well as through PKAmediated trafficking from intracellular stores (28) . I Na may also increase with the recruitment of Na v 1.5 caveolae reserves located at the plasma membrane through a caveolin-3 and G s ␣-dependent pathway (52). Na ϩ channels have been localized in caveolin-rich membrane domains (66) , and Na ϩ channels and caveolin-3 appear to be moderately colocalized in rat cardiomyocyte myocytes (55) . Augmentation of I Na by ␤-adrenergic stimulation has been specifically observed in rabbit cardiomyocytes (46) ; however, the role of augmented and basal I Na and reverse-mode NCX activity in neonatal rabbit cardiomyocytes remain to be investigated.
Scope of Image Processing and Analysis in the Quantification of Colocalization of Proteins
High-resolution imaging techniques such as wide-field deconvolution, confocal, two-photon, and structured illumination are becoming increasingly common. The increased resolution of these imaging techniques is expected to reveal additional levels of protein distribution complexities over more traditional imaging techniques. Many protein distributions that were previously thought to be homogenously distributed have now been shown to be punctate in nature, strongly suggesting microdomain level organization of the plasma membrane. The subresolution size of these microdomains presents a challenge for confocal microscopy, even with the benefits of image restoration; however, in this study, we have shown that image processing techniques can be used to increase the specificity of colocalization analysis. While these image processing techniques do not change the fundamental limitations in resolution, they extend the ability to describe these protein distributions. We and others (12, 13, 16, 41) have shown that center of mass calculations can be used in the biological context to great advantage.
Conclusions
In this study, we investigated the expression and localization of Na v channel isoforms in the developing rabbit heart. Only Na v 1.1, Na v 1.4, and Na v 1.5 isoforms were found in appreciable amounts. The skeletal isoform Na v 1.4 and the cardiac isoform Na v 1.5 were found along the longitudinal membranes of both neonatal and adult cardiomyocytes. These isoforms were also found, to a lesser degree, within the t-tubular membranes of the adult group; however, prominent labeling in intercalated disks was not observed in either neonatal or adult isolated cardiomyocytes. The robust expression of Na v 1.4 and Na v 1.5 and their colocalization with NCX in neonatal cardiomyocytes provide a structural foundation for an efficient activation of reverse-mode NCX activity by Na v 1.4 and Na v 1.5 in neonates (Fig. 7) . Colocalization between NCX and Fig. 7 . Diagram showing the proposed molecular configuration of the excitation-contraction coupling couplon in the neonate heart before t-tubule development. Both NCX1.1 and Nav1.4 are highly expressed at this stage of development, and we hypothesize that a subset of these two populations colocalizes within the dyadic structure. This proximity may allow changes in subsarcolemmal Na ϩ concentration to dictate Ca 2ϩ influx through NCX and, in turn, Ca 2ϩ -induced Ca 2ϩ release through the ryanodine receptor (RyR2) to regulate contractility, although functional experiments are required to validate these hypotheses. Na v 1.5 decreases with development, and we showed that this decrease in colocalization was not due to the changes in overall labeling density or changes in object size but because individual NCX and Na v 1.5 events grow farther apart with development. This ability to determine the nature of increases or decreases in protein colocalization indexes is expected to be widely extendable and may be especially useful in comparing protein distributions in normal and diseased states. On the other hand, our findings of a lower expression of Na v 1.1 and Na v 1.4 in adult myocytes, combined with the spatial separation of Na v 1.5 and NCX, may explain the decreased prominence of reverse-mode NCX activity in the adult rabbit heart. When our manuscript went to press, Torres et al. (62a) published a highly relevant study illustrating the likely functional significance to the imaging data shown in the present paper. Using patch-clamped adult rabbit cardiomyocytes, they demonstrated that 100 nM tetrodotoxin (TTX) significantly reduced the SR Ca 2ϩ release rate and the peak amplitude of the cytosolic Ca 2ϩ transient in response to depolarization. The magnitude of the reduction was dependent on extracellular Na ϩ concentration. The inhibition of SR Ca 2ϩ release by this low dose of TTX is consistent with the colocalization of Na v 1.4 and NCX being functionally significant in E-C coupling in the rabbit ventricle.
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